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NutritionMammalian embryos have evolved to adjust their organ and tissue development in response to an atypical en-
vironment. This adaptation, called phenotypic plasticity, allows the organism to thrive in the anticipated envi-
ronment in which the fetus will emerge. Barker and colleagues proposed that if the environment in which the
fetus emerges differs from that in which it develops, phenotypic plasticity may provide an underlying mecha-
nism for disease. Epidemiological studies have shown that humans born small- or large-for-gestational-age,
have a higher likelihood of developing obesity as adults. The amount and quality of food that the mother con-
sumes during gestation inﬂuences birth weight, and therefore susceptibility of progeny to disease in later life.
Studies in experimental animals support these observations, and ﬁnd that obesity occurs as a result of maternal
nutrient-restriction during gestation, followed by rapid compensatory growth associated with ad libitum food
consumption. Therefore, obesity associated with maternal nutritional restriction has a developmental origin.
Based on this phenomenon, one might predict that gestational exposure to a westernized diet would protect
against future obesity in offspring. However, evidence fromexperimentalmodels indicates that, likematernal di-
etary restriction, maternal consumption of a westernized diet during gestation and lactation interacts with an
adult obesogenic diet to induce further obesity. Mechanistically, restriction of nutrients or consumption of a
high fat diet during gestation may promote obesity in progeny by altering hypothalamic neuropeptide produc-
tion and thereby increasing hyperphagia in offspring. In addition to changes in food intake these animals may
also direct energy from muscle toward storage in adipose tissue. Surprisingly, generational inheritance studies
in rodents have further indicated that effects on body length, body weight, and glucose tolerance appear to be
propagated to subsequent generations. Together, the ﬁndings discussed herein highlight the concept thatmater-
nal nutrition contributes to a legacy of obesity. Thus, ensuring adequate supplies of a complete and balanced diet
during and after pregnancy should be a priority for public health worldwide. This article is part of a Special Issue
entitled: Modulation of Adipose Tissue in Health and Disease.
Published by Elsevier B.V.1. Introduction
1.1. Plasticity during mammalian development helps optimize phenotype
to environment
In mammals, the complex process of fetal development occurs
through sequential events including morulation, gastrulation anddulation of Adipose Tissue in
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.V.organogenesis. Each step is dependent uponmeticulous orchestration
of cell differentiation, migration, proliferation and apoptosis, which
are regulated by signaling pathways including Notch, TGFβ and Wnt
[1,2]. Interactions between intrinsic fetal factors (e.g. genetics) and
extrinsic environmental factors (e.g. maternal pre-pregnancy weight
and nutrition, placental insufﬁciency) inﬂuence these developmental
signaling pathways and may culminate in abnormal organ develop-
ment [3,4]. However, aberrant fetal environments do not necessarily
cause a deleterious developmental program. Speciﬁcally, mammalian
embryos have evolved with the capacity to adjust their pattern of de-
velopment in response to atypical fetal environments, in a process
called developmental (or phenotypic) plasticity. As an example, neo-
natal rats exposed to a low (10%), medium (18%) or high (36%) pro-
tein diet during gestation and lactation have a greater survival rate
when their post-weaning diet matches the diet consumed by their re-
spective dam during gestation and lactation [5]. Thus, developmental
plasticity allows the organism to thrive in the anticipated environ-
ment in which the fetus will emerge [6–8].
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post-natal environments
Barker and colleagues proposed that phenotypic plasticity may be-
come maladaptive and cause disease in the long term if there is a
mismatch between the environment in which the organism develops
and that in which it emerges [9–12]. Accordingly, mice exposed to a
low (10%), medium (18%) or high (36%) protein diet in utero and
through lactation have lower survival rates at two years if weaned
onto a diet that differed from that of their mother [5]. Barker termed
this concept the “developmental origins of health and disease” [9–12].
1.3. Phenotypic plasticity and the development of obesity
Although not currently a pervasive problem in industrialized na-
tions, food shortages have been very common for the larger part of
human history. Consequently, nutritional restriction is believed to
have been a powerful force on human evolution, favoring individuals
who effectively stored calories in times of surplus. The plasticity of de-
veloping organs, especially in times of nutritional restriction, is there-
fore thought to have favored a thrifty metabolic phenotype [13,14].
The developmental origin of disease predicts that a fetal environment
promoting metabolic thriftiness, coupled to an adult environment of
nutrient surplus, causes dysfunction in themetabolic systems control-
ling food intake and storage, and results in obesity. In recent years,
epidemiological, clinical and basic research has established the inter-
relationships between fetal nutrition, adipose tissue development,
central control of energy balance and the propensity for obesity in
adult life.
Obesity is a disorder characterized by excess white adipose tissue
and is the result of chronic positive energy imbalance [15]. As obesity
develops, excess energy is stored in adipocytes as triacylglycerol,
resulting in increased adipocyte size (hypertrophy) [16]. When de-
mand for lipid storage exceeds the capacity of existing adipocytes,
the pool of adipocytes increases through hyperplasia, with new adipo-
cytes arising from differentiation of preadipocytes [16]. Impaired
adipogenesis is hypothesized to contribute to the development of
type 2 diabetes, because engorgement of adipocytes with excess lipids
triggers pathological changes to adipose tissue. These include adipose
tissue inﬂammation, which is characterized by increased macrophage
inﬁltration into the adipose tissue and altered adipokine (e.g. TNFα)
secretion [17]. Surplus lipids that cannot be stored in adipocytes are
ectopically deposited in the liver, muscle and pancreas, and also circu-
late at higher levels [18–20]. Together these metabolic abnormalities
trigger systemic insulin resistance, which alongwith insufﬁcient insu-
lin production, results in type 2 diabetes. It is important to note that
while an increase in total body weight often occurs in parallel with
an increase in fat mass and associated metabolic derangements, it is
not a necessary precondition. Metabolic derangements can occur as
a result of a shift in body composition without a change in body
weight. In humans, studies have indicated that individuals with simi-
lar body mass index but with increased visceral adipose tissue (e.g.
TOFI patients: thin outside, fat inside) have increased prevalence of
metabolic comorbidities [21]. Accordingly within this review, the
term obesity will be used to indicate both an increase in body weight
and fat mass, or a shift toward elevated fat mass alone.
Using developmental plasticity and the developmental origin of
disease as a conceptual framework, we explore in this review how ex-
posing progeny to nutrient-restriction or excess in utero and/or
through lactation inﬂuences development of obesity in later life. Obe-
sity due to developmental plasticity appears to be propagated to sub-
sequent generations, which is worrisome given the rising rates of
obesity worldwide [22,23]. While the current review will discuss
the effects of maternal nutrition in terms of white adipose tissue
and metabolic derangements exclusively, Symonds et al. [24] provide
an elegant review of fetal programming of brown adipose tissue.2. Epidemiological evidence for the developmental origin of
human obesity
2.1. The Dutch famine: maternal malnutrition during gestation inﬂuences
likelihood of developing obesity in adulthood
From October 1944 until May 1945 cities in the western Nether-
lands, including Amsterdam, suffered extreme famine resulting from
an embargo of food supplies imposed by the Nazi régime and an in-
ability to transport food through the frozen waterways. Rations
were reduced from 1800 calories per capita per day in December
1943 to below 800 calories at the height of the famine from December
1944 to April 1945 [25]. While initially pregnant and lactating women
were given supplemental food, at the heart of the famine this could
not be provided. Thus at 800 calories, women were receiving approx-
imately ~40% of the recommended calories during pregnancy [26].
The homogenous and sharply deﬁned famine, in addition to the trace-
ability of those afﬂicted, provided a unique circumstance for studying
the long-term effects of extreme nutritional deprivation [27]. Based
on relative conception and birth dates, analysis of the Dutch cohort
identiﬁed two groups of males whose obesity rates at 19 years of
age were signiﬁcant deviations from the norm. Males exclusively ex-
posed to famine prenatally during the ﬁrst two trimesters of gestation
had about 2-fold higher prevalence of obesity (2.77%) than control
counterparts (1.45%). Of note, the likelihood of developing obesity
in either group is far below the national average for overweight and
obese individuals in westernized countries today [28]. In contrast,
males exposed to famine prenatally during the third trimester, and
post-natally during the ﬁrst three to ﬁve months of life, were found
to be approximately half as likely to develop obesity (0.82%) than
the controls (1.32%) at age 19 [29], although these thin men were
more likely to be glucose intolerant at 50 years of age [30]. Following
adjustment for known obesogenic conditions e.g. socioeconomic sta-
tus at birth, present level of education, and smoking, women at age 50
who were similarly exposed to prenatal famine in early gestation had
elevated body weight, body mass index (BMI) and waist circumfer-
ence [31]. Men at 50 years of age did not show this trend even though
their reported weight was elevated at 20 years of age. These results
suggest that developmental plasticity resulting from neonatal expo-
sure to global maternal nutrient-restriction has a time dependent,
profound and opposing effect on the propensity to develop obesity.
Furthermore, the absence of sustained elevated body weight from
age 19–20 to age 50 in men, but not women, suggests a distinct sexual
dimorphic effect of maternal nutrition on obesity. Finally, the devel-
opment of glucose intolerance but not obesity in males exposed to
famine during the third trimester suggests differential mechanisms
for these pathologies.
2.2. Fetal birth weight and adult obesity follow a J- or U-shaped
relationship
Using birth weights relative to parental size as an indicator of fetal
restricted or excess nutrition, Parsons et al. [32] identiﬁed a linear rela-
tionship between birth weight and BMI at age seven, eleven, sixteen
and twenty-three years of age. By age thirty-three, however, the rela-
tionship shifts toward a J-shape curve in which both low and high
birth weights are weakly correlated with subsequent obesity [32]. A J-
or U-shaped relationship between birth weight and later BMI,
waist-to-hip ratio and percent body fat was also identiﬁed in numerous
independent studies (Fig. 1) [33–40]. Nevertheless, this connection is
not without controversy: a meta-analysis of ﬁfteen epidemiological
and clinical studies involving a total of ~22,000 individuals found that
higher, but not lower, birth weight is associated with an increased risk
of being overweight or obese [41]. Considering that nutritional deﬁcien-
cy has opposing effects on adult obesity, depending on its timingwithin
gestation [29], discrepancies in the epidemiological literature may be
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Fig. 1. Epidemiological studies have described a J- or U-shaped relationship between
birth weight (a marker of fetal nutritional exposure) and the propensity to develop
obesity in adulthood.
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deprivation, rather than the deﬁciency itself.
2.3. Post-natal compensatory growth inﬂuences adult human obesity
Expanding on their ﬁndings associated with low birth weight and
obesity, Parsons and colleagues [32] observed that, for men with low
fetal birth weights and a greater percentage of their adult height by
age seven, the risk of developing obesity at age 33 is elevated compared
tomenwith lowbirthweight alone [32]. These results suggest that fetal
growth when combined with rapid compensatory childhood growth
predisposes children to obesity as adults [32]. Accordingly, children
with low birth weights and rapid compensatory growth between zero
and two years have more centralized adipose tissue at age ﬁve com-
pared with other children [42]. Similar results associated with rapid
compensatory growth and heightened susceptibility for type 2 diabetes
have been independently documented [43,44]. Perhaps the discrepan-
cies identiﬁed in the literature [41] associated with low birth weight
and adult obesity may be associated with variation in compensatory
‘catch-up’ growth or biological, socioeconomic, and demographic fac-
tors not accounted for in the study methods.
Nevertheless, epidemiological and clinical data jointly support a
developmental origin for obesity when humans are exposed to global
nutrient-restriction in utero and a higher calorie diet in adulthood
[33–40]. The relationship between high birth weight, which is corre-
lated to in utero exposure to surplus energy, and adult obesity goes
contrary to the protective effects on obesity that developmental plas-
ticity would predict. Rather, it suggests that in addition tomismatched
fetal and post-natal environments, aberrant high calorie fetal environ-
ments can combinewith a similar high calorie post-natal environment
to cause obesity.
3. Developmental origin of obesity in animal models
3.1. Maternal global nutrient-restriction and low-protein diets during
gestation cause intrauterine growth restriction by impairing placental
amino acid transfer
Maternal malnutrition, including chronic energy and micronutrient
deﬁciencies, remains prevalent in the non-westernized world (e.g.
Sub-Saharan Africa), where more than 20% of women have a BMI
below 18.5 [45]. Low maternal BMI is associated with intrauterine
growth restriction, and neonates are thus often born smaller-for-
gestational age [46]. To ascertain the long-term effects of maternal
nutrient-restriction on obesity of progeny, intrauterine growth restric-
tion can be modeled in rodents by restricting consumption during ges-
tation of a balanced diet, or by feeding a complete diet low in protein.
Although these experimental approaches will not be included withinthe current review, intrauterine growth restriction can also be modeled
through pharmacological (e.g. elevated glucocorticoids), or surgical
(uterine artery ligation) means (see [47] for a review of the different
models).
The placenta serves as the nutritional interface between the ma-
ternal and fetal circulations via a wide array of nutrient transport sys-
tems including placental glucose transporter (GLUT3) and neutral
amino acid transporters (system A). Alterations in the placental bio-
logical barrier can therefore act to modify nutritional transport and
thus fetal development. In particular, fetal growth is strongly depen-
dent on the maternal nutrient supply for amino acids necessary to
synthesize proteins during development [48–52]. Accordingly, rodent
pups born to mothers on a low-protein diet have restricted growth in
utero due to decreased amino acid transport across the placenta
which appears prior to the restriction itself [53–55]. System A is sim-
ilarly decreased in growth-restricted humans [48–52]. In contrast, the
transport of glucose, a major energy source for the growing fetus, is
not altered in low-protein [53] or global nutrient-restricted rodent
models [56], or in humans [52]. Accordingly, the impaired growth fol-
lowing maternal nutrient-restriction is mainly due to altered amino
acid transfer [48–52].
3.2. Intrauterine growth restriction due to maternal global nutrient- or
protein-deﬁciency causes obesity in adult animals
As discussed above, human growth restriction early in gestation in-
creases the probability of developing obesity in later life, particularly if
combined with rapid compensatory growth after birth [29,33–40].
Studies in experimental animals such as rodents and sheep reproduce
these ﬁndings [57–62]. For example, when placed on an isoenergetic
diet containing 40% less protein per kg, female rats gave birth to pups
with 35% lower body weights and proportionally smaller organ sys-
tems, including the pancreas, liver, muscle and spleen [63]. However,
certain organs, including the brain, remain relatively unaffected [63].
Adipose tissues are also largely spared from the effects of fetalmalnutri-
tion, consistent with the thrifty phenotype hypothesis that energy
stores are preserved for survival under conditions of food scarcity fol-
lowing birth [64,65]. It is this preservation of adipose tissue mass that
also supports the developmental origin of obesity hypothesis.When de-
veloping rats are exposed to maternal nutrient-restriction through the
ﬁrst 14 days of gestation, they gain signiﬁcantly more body weight
and epididymal adipose tissue on a chow diet than rats that were not
exposed to nutrient-restriction [66]. If these rats are switched from
chow to a high-fat diet, males, but not females, continue to increase
their weight gain [66]. The increase in male body weight reﬂects an in-
crease in epididymal and retroperitoneal adipose tissue, due to adipo-
cyte hypertrophy. Although females do not gain signiﬁcantly more
body weight following transfer onto a high-fat diet, there is a trend
toward larger adipose depots and adipocyte size (Table 1). However,
female rats do gain body weight and adiposity on either chow or high
fat diet if food restriction is initiated at the beginning [67] or even at
day 10 of gestation [68–70]. Similar results are found with pups born
tomothers fed a low-protein diet throughout gestation [71–74]. Specif-
ic gestational timing of maternal nutrient-deprivation also appears to
be important in other models. For example, lambs exposed to maternal
nutrient-restriction between gestational day 28–80, the maximum pe-
riod of placental growth, have elevated levels of adipose deposition
late in gestation [75], whereas if the deprivation occurs after 110 days
of gestation, adipose tissue mass is decreased [29,75–77]. It should be
noted, however, that increased adiposity of rodent offspring exposed
to maternal food restriction has not been uniformly observed when an-
imals were weaned onto a regular chow diet [66,70,73,74,78], and dif-
ferences in results might be accounted for by the extent of protein-
(30% [73] vs 40% [74]), or nutrient-restriction (50% [70] vs 70% [78]),
or animal model used (C57BL/6J mice [73,78] versus Sprague Dawley
rats [70,74]).
Table 1
Overview of nutritional exposure on adipose phenotype of adult offspring.
Period of Maternal Nutritional Exposure Adult adipose phenotype compared 
to respective sex control
Animal 
Model
Pregravid Gestation Lactation
Offspring 
Post-
Weaning Male Females
Lean LeanMice, 
Rats, 
Ewes, 
Monkeys
AT and 
adipocyte 
hypertrophy 
[109−111, 113, 
132]
AT and  
adipocyte 
hypertrophy
[109, 112, 113, 
132]
Rats AT and 
adipocyte 
hypertrophy
[114, 115]
AT and 
adipocyte 
hypertrophy
[114, 115, 133]
Mice, 
Rats
AT and 
adipocyte 
hypertrophy
[116−118, 139]
AT
[117, 118]
Rats Lean [113, 118] Lean [113, 118]
Rats AT [118, 137] AT [118, 137]
Rats, 
Ewes, 
Mice
AT [62, 68-70] AT [68-70] 
Mice
Mice
Mice
AT and  
adipocyte 
hypertrophy
[57, 58, 66, 68, 
69, 73, 78]
Trend/ AT and 
adipocyte 
hypertrophy
[58, 66, 68-70, 
73]
Lean [57, 68, 69] Lean[68, 69]
Lean[57, 68, 69] Lean[68, 69]
Control Diet: Black; Obesogenic Diet: Red; Global-Nutrient or Protein-Restricted diet: Green; AT, adipose tissue
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metabolic abnormalities
The postnatal nutritional environment also contributes to the
compensatory growth and phenotype of the offspring. Pups born to
global-nutrient or protein-restricted females that are fostered by con-
trol rats have hyperphagia and compensatory growth by weaning, and
have increased adipose tissue as adults [67,70,79]. Increased body
weights and adipose tissue are further elevated if these rats are weaned
onto western diets [68]. Consistent with an obese phenotype, male
and female rats have metabolic abnormalities including insulin resis-
tance, glucose intolerance, hyperleptinemia and elevated blood lipids
[67,68,71,79], although not all differences were uniformly observed be-
tween studies.
In contrast, however, growth-restricted newborn rats subjected to
continued nutrient-restriction throughout suckling have slowed com-
pensatory growth and normalized or reduced adipose tissue weights
(Table 1; [57,67,70,79]). Similar delayed growth occurs in pups born
to control mothers that are then reared by nutrient-restricted mothers.
In both cases, animal body weights are smaller at weaning but rebound
slowly to weights that are equal or slightly lower than controls. This
decreased growth is attributable to lower production of milk [80–84]
and reduced lactose [82,85]. In addition, reduced milk protein is deliv-
ered from lactating females on the protein-deﬁcient diet [83,86]. In
line with a leaner phenotype, male and female rodents exposed to
nutrient-restriction in utero and during lactation have improved or sim-
ilar glucose homeostasis compared to nutrient-restriction in utero, or
controls, respectively [57,79].
3.4. Gestational nutrient-deprivation increases hyperphagia as a result of
leptin resistance in offspring
Fetal exposure to maternal nutrient-restriction during gestation can
increase hyperphagia post-natally through dysregulation of centralpathways controlling food intake [58,59,68,70]. At birth, pups exposed
to maternal global nutrient-deﬁciency have reduced hypothalamic
phosphorylation of STAT3 in response to leptin. Following compensatory
growth to three weeks of age, phosphorylation of STAT3 and reduction
in food intake in response to leptin are both impaired [58]. During
postnatal development, a surge in circulating leptin is associated with
hypothalamic growth; however, in pups exposed tomaternal dietary re-
striction, the leptin surge occurs six days earlier. The premature spike in
leptin is proposed to cause leptin resistance by impairing transport of
leptin across the blood–brain barrier [78]. Reduced central leptin in-
creases density of the hypothalamic neurotransmitters neuropeptide Y,
and cocaine and amphetamine regulated transcript, and causes hyper-
phagia [60,78]. An independent study observed that mice exposed in
utero to maternal nutrient-restriction had a smaller amplitude of leptin
concentration during the spike, but the timing was not premature.
Lower peripheral circulating leptinwas associatedwith decreased levels
of hypothalamic anorexigenic POMC expression [87]. The discrepancy
between possible mechanisms driving hyperphagia may result from
the different timing of nutritional restriction (e.g. E10.5 to P1 vs E14 to
weaning; Fig. 2). Regardless, both studies support a model in which
nutrient-deprivation during gestation causes leptin resistance, which
modiﬁes the development of central neural pathways that regulate
food intake, and results in hyperphagia and obesity.
3.5. Maternal nutrient-restriction impairs early development and function
of β-cells
The predominant role of the endocrine pancreas is to monitor and
regulate glucose homeostasis. In the absorptive state, β-cells of the pan-
creas secrete insulin to promote uptake of glucose into tissues including
muscle and adipose tissue. The ability of the endocrine pancreas to pro-
duce insulin is determined by a combination of β-cell differentiation,
replication, and apoptosis, islet size, and vascularization [88]. Maternal
nutrient-restriction during gestation (either global or low protein)
Early or Blunted
Developmental Leptin Surge
Leptin
Resistance
Increased
Orexigenic 
Neuropeptides
Hyperphagia
Global/Protein Restricted Diet Exposure
Compensatory
Growth
Obesity
Hypertrophic
Adipocyte
(Post-Natal Day
10 in Mice)
Decreased Amino Acid Transfer
through the Placenta
Intrauterine Growth
Restriction
Glucose
Insulin Resistant
Insulin Sensitive
Muscle
Adipose Tissue
?
Energy Redistribution ?
Pancreas
Decreased Beta-Cell Mass
In
 U
te
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h 
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W
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Fig. 2. Fetal exposure to maternal global- or protein-restriction during gestation decreases amino acid transfer through the placenta leading to intrauterine growth restriction
(IUGR). IUGR leads to decreased β-cell mass and altered timing (IUGR indicated in red, control in black) or amplitude of the developmental leptin surge. The decrease surge con-
tributes to leptin resistance, increased orexigenic neuropeptide production and hyperphagia. Compensatory growth may favor deposition of adipose tissue with energy
redistributed from insulin-resistant skeletal muscle toward insulin-sensitive adipocytes.
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contribute to the glucose intolerance identiﬁed in the adult animals
[89–93]. Themechanisms driving this decrease inβ-cells are dependent
upon the model of nutritional deﬁciency.With in utero global nutrient-
restriction, the decrease in fetal and early postnatal β-cell mass is asso-
ciated with an elevation in plasma glucocorticoids, which in turn
increases PGC-1α and impairs β-cell differentiation [90,94,95]. How-
ever, with protein-restricted models, reduced islet mass results from a
decrease in vascularization [90,91], β-cell proliferation [90,91] and
increased susceptibility to β-cell apoptosis [96]. With both models of
gestational nutrient-restriction [89,96], decreased islet mass and dys-
functional β-cells result in lower insulin secretion. Although a severe
decrease in β-cell mass can obviously cause diabetes, β-cells have a re-
markable ability to compensate by increasing insulin production [97].
Accordingly while fetal nutrient-deﬁciency impairs early development
and function of β-cells, the islets appear to readily compensate for
insulin-resistance that occurs with later obesity. Indeed, in adultrodents exposed to maternal nutrient-deﬁciency, hyperinsulinemia is
observed, although not enough to combat glucose intolerance.
3.6. Decreased energy expenditure in the semistarvation–refeedingmodel
causes adipose tissue deposition and associated metabolic complications
To control for the effects of hyperphagia on adipose tissue devel-
opment following a period of nutrient-restriction, Dulloo and col-
leagues have used a rat model of semistarvation–refeeding. In this
model, male Sprague–Dawley rats ranging in age from 21 days to
7 weeks are food restricted to 50% of their spontaneous food intake
for two weeks, and then refed with the diet at a level equal to the me-
tabolizable energy content of control rats matched for weight at the
onset of refeeding [98–100]. Rats under the semistarvation–refeeding
conditions have reduced energy expenditure and while they gain
equal amounts of lean mass as their controls, their fat mass is in-
creased more than two-fold [98]. One week following refeeding,
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refed animals had elevated basal (postabsorptive) plasma glucose
and insulin without alterations in whole body glucose homeostasis.
However, under hyperinsulinemic conditions, glucose uptake was in-
creased to white adipose tissues (e.g. epididymal, retroperitoneal and
inguinal tissue depots) and decreased to skeletal muscles (e.g. tibialis
anterior, white and red quadriceps) [101]. The hyperresponsiveness
of the adipose tissue, and redistribution of glucose from the relative
insulin resistant skeletal muscle result in de novo lipogenesis. The in-
crease in weight of epididymal WAT is due to both adipocyte hyper-
plasia and hypertrophy [102,103].
While the model of semistarvation–refeeding differs from that of
gestational nutrient-restriction, a compensatory elevation in fat mass
is a common thread in situations accompanied by a period of starvation
and rebound weight gain. These states include both newborns born
small-for-gestational-age or young and elderly adults duringweight re-
bound [104]. Thus, the mechanisms described in the rodent model of
semistarvation–refeeding may be applicable to the obesity associated
with maternal nutrient-restriction during gestation, although this re-
mains conjecture until these mechanisms are explored directly.
3.7. Maternal obesity combined with westernized or high-fat diet during
pregnancy increases the risk of offspring developing obesity in adulthood
In contrast to nutrient deﬁciency, global nutrient excess and obesity
is emerging as one of the greatest health problems in the industrialized
world [28]. In the United States alone, the incidence of obesity among
pregnant women ranges from 18.5% to 38.3% [105]. Pre-pregnancy
BMI is a strong predictor of birth weight and obese mothers deliver
large-for-gestational-age infants 1.4- to 18-times more frequently,
which predisposes to obesity in later life [105]. Pregravid obesity in
humans is associated with a poor quality, high-fat diet, suggesting a
role for maternal nutrition in predisposing neonates to high birth
weight and obesity [106]. Maternal nutrition remains an important reg-
ulator of offspring obesity evenwhen genetic contribution is controlled.
Children of mothers who have undergone weight loss surgery are
three-times less likely to be severely obesewhen compared to their sib-
lings whowere born prior to surgery [107]. They are alsomore likely to
have improved insulin sensitivity, improved lipid variables (e.g. HDL,
total cholesterol, triacylglycerols), and are less likely to be born large-
for-gestational age. Similar results have been repeated in an indepen-
dent study [108]. Thus, the effects of maternal obesity on the intrauter-
ine environment appear to be particularly important for determining
health of progeny.
A variety of animalmodels have been developed to explore the rela-
tionship betweenmaternal nutrition and progeny obesity. For example,
obesemice fed awesternized diet rich in fats, sugar and salt during ges-
tation and lactation give birth to pups that gain signiﬁcantly more body
weight afterweaning thanpups born to chow-fed controls (see Table 1)
[109]. Here, weight gain is accounted for by an increase in adipose tissue
mass due to adipocyte hypertrophy. Pups born to obese mothers also
show indications of metabolic disease, including elevated circulating
glucose, triacylglycerols and cholesterol [109]. Similar results have
been found in rats placed on a high-fat diet [110,111] and in ewes,
which are a more comparable model of human gestation [112].
3.8. Maternal obesity is not required for effects of a western diet on
obesity of progeny
Elevated maternal body weight prior to conception is not a
requirement for effects of westernized/high-fat diets in utero on subse-
quent obesity in rodents. Maternal consumption of a westernized (i.e.
“junk-food”) diet at the commencement of gestation and through lacta-
tion,without pregravid obesity, produces offspringwith increasedmea-
sures of adiposity after weaning, including greater body weight,
perirenal adipose tissue, and adipocyte hypertrophy (see Table 1)[113–115]. This increased adiposity is ampliﬁed if animals are placed
on a high-fat diet at weaning [116,117]. Indeed, cross-fostering be-
tween dietary treatments has established that, in rodents, maternal
consumption of western diet during the suckling period is particularly
critical for the ability of amaternal western diet to cause obesity and as-
sociated metabolic consequences in offspring [113,118]. Diets high in
lipids increase dailymilk volume and lipid concentration [119]. Further-
more a high fat diet also changes the fatty acid composition of rat milk
by increasing long-chain fatty acids to the detriment of medium-chain
fatty acids [120]. Long-chain fatty acids are not as readily utilized for en-
ergy and are thereforemore likely stored in adipocyteswhen compared
to medium-chain fatty acids, thus providing one potential mechanism
for how a maternal western diet affects adiposity of progeny.
3.9. Maternal obesity or high fat diets induce placental inﬂammation and
alter nutritional transfer to the offspring
Although maternal diet during lactation contributes to obesity of
progeny, maternal obesity is associated with changes in the placenta
that also play roles in development of adiposity. Obesity during preg-
nancy of non-humanprimates causes placental inﬂammation, including
macrophage accumulation [121,122] and enhanced expression of the
pro-inﬂammatory cytokines MCP-1, IL-1 and TNFα [122,123]. Similar
results are found in humans [121,124]. Inﬂammatorymediators includ-
ing IL-6 and TNFα stimulate system A amino acid transporter activity of
trophoblast cells of the placenta in vitro [125]. Adipose-derived signal-
ing proteins such as leptin, which are elevated in maternal obesity,
also up-regulate systemA [126]. A proposed cause for the obesity in off-
spring may be that the maternal high-fat diet or obesity increases pla-
cental inﬂammation and thus increases nutrient transport and fetal
growth. Accordingly, a high-fat diet before and during pregnancy in
mice leads to an up-regulation of system A and glucose transport, and
pups that are heavier at birth [127]. Placental system A activity [128]
and inﬂammation [129] have also been reported to be increased in
humanmothers with diabetes, an independent risk factor for delivering
babies that are large-for-gestational age. In ewes, pregravid maternal
obesity also increases the expression of placental CD36, FATP1 and
FATP4, resulting in elevated circulating lipids in fetal lambs [130]. An in-
crease in expression of CD36 has also been observed in placenta of
obese humans [131].
In contrast to the above ﬁndings, Japanese macaques [132] and ba-
boons [122] fed a high fat diet during gestation have reduced system
A transport across the placenta. Inmacaques this decrease in fetal nutri-
tional transport resulted in fetuses with less leanmass and bodyweight
in the early third trimester. However, by postnatal day 30, theweight of
fetuses had rebounded to that of controls with increased percent body
fat by 90 days, thusmimicking the responses described above for nutri-
ent deprivation during gestation, but running counter to effects of ro-
dents, sheep and humans described above [52,127,129,130].
3.10. Maternal obesogenic diets during gestation and lactation increase
food intake and high-fat food preference in offspring
Pups born to mothers fed a westernized diet during gestation and
lactation have higher daily energy intake than controls [113,133]. Fur-
thermore, given the choice between chow and westernized chow,
these mice preferentially select the westernized food rich in fat, sugar
and salt, and are less motivated to perform a task if rewarded by a
chow pellet, which otherwise would be motivating. Thus, weight gain
and adiposity as a result of fetal exposure to a maternal obesogenic
diet can be attributed to hyperphagia and change in food preference.
Children from obese/overweight families also have a higher preference
for fatty foods [134,135]. However, whether this choice is as a result of
environmental learning or directly caused by fetal reprogramming is
not clear.
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diet is associated with leptin resistance and increased orexigenic
neuropeptide production
The adipokine leptin decreases food intake by altering the activity
of anorexigenic and orexigenic neuropeptides in the hypothalamus
and other brain nuclei [136]. Pups exposed to maternal high-fat diet
in utero have elevated leptin concentrations in peripheral circulation,
as well as blunted leptin-associated pSTAT3 activation in the hypo-
thalamus [118]. Thus, central leptin insensitivity may be the basis
for the documented hyperphagia and increased weight gain in pups
exposed to maternal obesogenic diets through gestation and lacta-
tion. Similar results are reported in two independent models of fetal
over-nutrition, including non-human primates [137,138]. Elevated
circulating lipids in the developing pups have been proposed to stim-
ulate the proliferation and differentiation of neuroepithelial cells in
the third ventricle. Once differentiated, these cells migrate into the
hypothalamus where they stimulate production of orexigenic neuro-
peptides, which then may cause hyperphagia, weight gain, and fur-
ther exacerbation of this process by leptin resistance (Fig. 3) [139].
Although mechanisms such as repression of adipocyte lipolysis can-
not be excluded as inﬂuencing adiposity [109], ﬁndings from humans
and experimental animal models generally suggest that fetal expo-
sure to maternal obesogenic diet in utero and through lactation pro-
motes plasticity in neural processes controlling food intake and food
preference, which leads to subsequent obesity.
3.12. Maternal high fat or westernized diet during gestation decreases
pancreatic β-cell mass in progeny
Similar to nutrient-restriction, maternal high fat diet during gesta-
tion signiﬁcantly reduces β-cell mass in rats by reducing β-cell number
and volume leading to impaired insulin release [140–144]. In contrast,
the volume of α-cells, which are responsible for glucagon secretion, is
expanded due to increased cell number and size. Thus at birth these ne-
onates show signs of hyperglycemia [141]. However, by three weeks of
age, the volume, number and size of both α- and β-cells are similar to
controls, although these animals still have decreased fasting insulin
concentrations and relative glucose intolerance [142,144]. Similar re-
sults occur if rats are exposed to a high fat diet during both gestation
and lactation [143,144]. At three months of age, males exposed to ma-
ternal high fat diet during gestation had fasting blood glucose and insu-
lin concentrations similar to controls, consistentwith their ﬁndings that
β- and α-cell number and mass were normalized. When exposed to
high fat diet during both gestation and lactation, elevated bodyweights,
hyperleptinemia, hyperglycemia and hyperinsulinemia occurred with-
out changes in β-cell or α-cell size or number [145]. Thus it appears
that high fat diet during early development modiﬁes pancreatic devel-
opment leading to decreased insulin production and hyperglycemia
during early post-natal growth. However, as the animal continues to
age, the pancreas largely compensates, although in animals exposed
to high fat diet during both gestation and lactation, it still remains un-
able to completely control blood glucose levels thus contributing to a
metabolic phenotype.
3.13. Developmental plasticity does not protect against effects of
maternal obesogenic diet
One might predict that developmental reprogramming in response
to a maternal high-fat diet allows mammals to better thrive in an
obesogenic environment; however, these variables surprisingly com-
bine to exacerbate the obese state [109–111]. One can speculate that a
reason in uteromaternal obesogenic diets donot protect against obesity
in progenymay be that nutritional surplus rarely existed inmammalian
evolutionary history. Therefore, evolution has not inﬂuenced the devel-
opment of organ or tissue plasticity in response to an obesogenic diet.Mammals are also believed to have evolved tomaximize ametabolically
thrifty phenotype [14]. Thus, another possibility for the lack of protec-
tive effect of in utero exposure to a high-fat or westernized diet may
be that the thrifty phenotype is dominant over protective developmen-
tal plasticity. One other consideration is that the primate studies indi-
cate that maternal obesogenic diets cause a relative state of fetal
nutrient-restriction [132]. If this mechanism is also true in humans,
then the restricted fetal nutrition caused by placental inﬂammation in
the high fat fed mother would prepare the fetus to emerge into a
nutrient-restricted environment. In this case, obesity in the progeny
would fulﬁll the developmental origin of disease.
4. Inheritance of metabolic phenotypes
4.1. Maternal nutrient-deprivation during gestation increases weight
gain and fat mass for two generations
As described above, pups born to females on a restricted diet
through gestation have signiﬁcantly lower birth weights [146,147],
and when fostered by controls, rapid compensatory growth results
in elevated total body weight, adipose tissue and serum glucose at
weaning and as adults [146,147] (Fig. 2). Mating of female progeny
produces second-generation pups that are large-for-gestational-age
and maintain the elevated body weight, blood glucose and insulin re-
sistance observed in their mothers. As with maternal malnutrition
during gestation, nutrient-deprivation in lactating mothers also re-
sults in pups that subsequently transmit obesity to the next genera-
tion [146]. Mechanistic studies suggest that the heritability of
adipose tissue accumulation cannot be explained by maternal hyper-
phagia or expression of adipose genes encoding proteins such as
PPARγ, C/EBPα, FABP4 and GLUT4 [147]. Changes in glucocorticoid re-
ceptor and isoforms of 11β-hydroxysteroid dehydrogenase1 and 2
may, however, contribute to these phenotypes. Rats born to mothers
restricted of protein during gestation have elevated expression
of the glucocorticoid receptor and decreased expression of 11β-
hydroxysteroid dehydrogenase 2, which catalyzes the inactivation of
corticosterone to 11-dehydrocorticosterone in neonatal and adult tis-
sues including the kidney, liver and lung [148]. These pups show de-
creased CpG methylation in the predominant hepatic promoters of
the glucocorticoid receptor and PPARα, resulting in greater GR and
PPARα expression in the liver [149]. These methylation patterns are
subsequently passed to F1 and F2 generations of males [150]. Given
the role glucocorticoids and PPARα ligands play in the regulation of
development andmetabolism, these epigenetic marks may contribute
to the inheritance of metabolic disease. However, mechanisms of in-
heritance will be complex and tissue-speciﬁc as glucose intolerance
can be passed to the second and third generations through maternal
and paternal lines and may be secondary to impaired expression of
Sur1, and altered function of pancreatic islet potassium channels
[147,151]. It should be noted that while a number of studies have
shown other epigenetic changes in animals exposed to maternal
nutrient-restriction in utero (e.g. [152,153]), they have not traced
these changes in lineage studies. Accordingly it is difﬁcult to assess
whether or not these epigenetic changes are directly contributing to
the transmitted phenotypes described above.
4.2. Maternal high-fat diet during gestation increases body length in the
subsequent two generations
Mice exposed in utero to maternal high-fat diet have increased body
length and bodyweight, alongwith glucose intolerance and insulin resis-
tance [154–157]. Second-generation mice, however, were found to
mimic their parents in increased body length and insulin resistance but
without effects on body weight [154–157]. By the third generation,
male and female progeny had elevated body length and normal glucose
tolerance, while females alone inherited increased body weight [155].
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Fig. 3. Exposure to maternal obesogenic diet through gestation and lactation increases placental inﬂammation resulting in modiﬁed amino acid transport and fetal growth including
decreased β-cell mass. Following birth, maternal high fat diet consumption through lactation increases milk volume and lipid concentration, increasing circulating blood lipids, and
causing neonatal neuroepithelial cells to undergo mitosis, differentiation and translocation into the hypothalamus where they elevate levels of orexigenic neuropeptides. When
combined with accompanying leptin resistance, this increase in orexigenic neuropeptide production stimulates offspring hyperphagia and obesity.
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ther the maternal or paternal lineages, and into the third generation to
females via the paternal lineage alone. The inheritance of body length ap-
pears to be due to increased IGF-1/IGFBP-3 mediated growth [154,155].
A potential mechanism is that reduced promoter methylation of the
growth hormone secretagogue receptor gene increases expression ofits mRNA. Elevated release of growth hormone from the anterior pitui-
tary then induces IGF-I production from the liver [154]. In addition, the
paternal passage of elevated body length to third-generation females
suggests a stable alteration in the paternal germ line governing body
growth, although the mark has yet to be identiﬁed. It is conceivable
that common epigenetic mechanisms, such as DNA methylation and
503S.D. Parlee, O.A. MacDougald / Biochimica et Biophysica Acta 1842 (2014) 495–506modiﬁcation, restructuring of histone and nonhistone DNA-binding
proteins and RNA regulatory systems [158], are responsible for this
inheritance.
4.3. Maternal nutrition: a legacy of obesity
For much of mammalian history, ultimate reproductive success has
been dependent upon the capacity to modify development toward a
thrifty phenotype [14,65]. For areas of the world where starvation still
remains an obstacle [45], this evolutionary system continues to be ad-
vantageous. Unfortunately, with the increase in globalization, underde-
veloped countries have seen a dramatic shift toward the population
over consuming inexpensive foods that are high in fat, sugar and salt
[159]. In these situations, developmental plasticity may act as a Trojan
horse, with maternal nutrient-deﬁciency interacting with a high-fat
diet to increase susceptibility to obesity. One could envision that this
may, in part, explain the rise in numbers of obese individuals in devel-
oping nations [160,161].
For the western world, obesity, rather than starvation, remains a
growing threat [28]. Nearly one in every two women of childbearing
age in the United States is considered overweight or obese [162]. Un-
fortunately, evidence suggests that mammals have not evolved devel-
opmental plasticity toward maternal obesogenic diets. Given that
pregravid obesity is associated with poor nutrition during pregnancy,
including a high-fat diet, obese women, as well as women consuming
westernized diets, may be endangering the future health of their chil-
dren by predisposing them to a lifetime of obesity.
If the animal research described within this review truly reﬂects
the human condition then what remains most concerning is the lega-
cy of obesity that each generation will bestow upon the next. If we are
to interrupt this transferance of disease we must make it a global pri-
ority to provide pregnant mothers and their offspring access to ade-
quate and balanced nutrition throughout their lifetimes. Such efforts
can only beneﬁt from improved understanding of how maternal nu-
trition impacts metabolic disease risk in offspring; hence, research
seeking to further elucidate the biological mechanisms driving such
adverse developmental plasticity should be a priority.
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